Introduction {#Sec1}
============

Small and robust apertures are important for a large number of applications especially in ion beam technology. The collimation of particles like ions with energies in the keV to MeV range requires a mask of several μm thickness. Plasma etching or milling with a focused ion beam (FIB) are in principle suitable methods to fabricate tiny holes^[@CR1]^, but the aspect ratio achieved by these techniques is limited, and not suitable for thick mask material. One technique to overcome this problem is the ion track nanotechnology using swift heavy ions of kinetic energy in the MeV to GeV range. In many materials, mainly insulators, such ion projectiles produce along their trajectories a few nanometer wide track consisting of damaged, often amorphous material^[@CR2]^. Employing a suitable chemical etching, the tracks can be converted into open channels. The diameter depends on the applied etching parameters and etching time. Given the high kinetic energy, this procedure can be used for thick films of several tens of μm^[@CR3]^. Apertures produced by ion track etching have already been successfully used as irradiation mask for example to create a pair of close-by Nitrogen-Vacancy (NV) centres in diamond having been entangled at room temperature^[@CR4],[@CR5]^. Track-etched polymer membranes were also successfully applied as templates to grow tailored nanowires^[@CR6]^.

A suitable and promising material to create small pores by means of ion-track etching is muscovite mica because of its high chemical stability. Muscovite mica has a complex crystal structure with chemical formula $\documentclass[12pt]{minimal}
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                \begin{document}$${\text{KAl}}_{2}[{\text{(OH)}}_{2}|{\text{AlSi}}_{3}{\text{O}}_{10}]$$\end{document}$. Track-etched capillaries have a rhombus-shaped cross-section with very sharp edges and smooth side walls^[@CR3],[@CR7]^. The latter is a very important requirement for apertures used for ion beam collimation of low MeV ions. The smoothness defines the so called transparent zone, which is a section near the edges where the ions pass through the aperture being deflected but not being stopped. If the ion beam has a certain divergence and the thickness of the sheet is high, the smoothness of the edge is even more important. Additionally, the mask material must be radiation hard and should not be degenerated when exposed to the ion beam. For highly charged ions it has been found that charging up of the channel walls leads to a focusing effect^[@CR8]^. Furthermore, charging of pore walls was observed for ions below 100 keV^[@CR9]^.

Compared to geometric considerations, an unexpected surplus of singly and doubly charged ions passing through the channels within small entrance angles was observed. To demonstrate our assumption of small angle scattering inside the capillaries, we performed experiments at different kinetic energies and tilt angles.

Results {#Sec2}
=======

From scanning electron microscopy (SEM) micrographs (Fig. [1](#Fig1){ref-type="fig"}) we can measure the number of pores per area and the mean cross-section area of the pores. We obtain a porosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{(3.4}\pm \mathrm{0.2)}\times {10}^{-4}$$\end{document}$. This open area can be compared to the maximum membrane transmission of 2 MeV N^2+^ ions and direct irradiation of the detector. The ratio of the two measurements gives $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{{Y}_{{\rm{sheet}}}{\mathrm{(0}}^{o})}{{Y}_{{\rm{direct}}}}=1.5\times {10}^{-4}$$\end{document}$. From this two values a transmission yield (at 0°) of 44 ± 8% is deduced.Figure 1(**a**) Scanning electron images of track-etched channels at low and high magnification. (**b**) Scheme of channel cross-section with average shape size $\documentclass[12pt]{minimal}
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                \begin{document}$$a=\overline{{\rm{E}}{\rm{B}}}=\overline{{\rm{B}}{\rm{C}}}=\overline{{\rm{C}}{\rm{D}}}=\overline{{\rm{D}}{\rm{E}}}=115\pm 22$$\end{document}$ nm. The angles are $\documentclass[12pt]{minimal}
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                \begin{document}$$2\lambda =63\pm {4}^{\circ }$$\end{document}$. (**c**) Channel cross-section *A* after track etching deduced from SEM images of 20 channels.

The difference between the measured yield and the porosity may have different reasons: (i) The edges of the pores are possibly not completely smooth, or slightly misaligned, (ii) there might be some residual gas or water within the pores, and (iii) the ion current measurement may be underestimated due to a detector efficiency that decreases for high ion currents. Nevertheless the transmission measurements are in the same order of magnitude as the porosities, and seem to be reasonable.

To test transmission under different angles of beam incidence, the tilt angle *α* was varied in small steps and the number of ions transmitted per step was integrated. Figure [2](#Fig2){ref-type="fig"} shows the normalized transmission yield as a function of the tilt angle *α*. This measurement was done for three ion energies. For further analysis we considered *β* as the angle of full width at half maximum (FWHM) of the transmission. The resulting values are $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta ={\mathrm{(1.66}\pm \mathrm{0.14)}}^{\circ }$$\end{document}$ for 2 MeV and $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta ={\mathrm{(1.50}\pm \mathrm{0.12)}}^{\circ }$$\end{document}$ for 4 MV. This is displayed in Fig. [2](#Fig2){ref-type="fig"}. The 8% error includes the uncertainties in the angle of the goniometer and the number of recorded events per measurement and thus the statistical error.Figure 2Measured transmission yield as a function of the tilt angle for three different ion energies. The transmission expected from geometric considerations only is also plotted for the short (---) and long (![](41598_2017_17005_Figa_HTML.gif){#d29e685}) axis of the rhombus-shaped pores. The black arrow shows the full width at half maximum *β*.

To get a qualitative understanding of the transmission behavior of the ions through the sheet, the geometric effect of rotating the capillaries with respect to the ion beam was taken into account. The capillaries have a rhombus-shaped cross section of average width of $\documentclass[12pt]{minimal}
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                \begin{document}$$c=\mathrm{(203}\pm \mathrm{16)}$$\end{document}$ nm and a length equal to the sheet thickness of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t=\mathrm{(7}\pm \mathrm{0.5)}$$\end{document}$ μm. Tilting the sheet results in a reduction of the open effective cross section. The maximum opening is at 0° where the capillaries are perfectly aligned with respect to the incident beam. If the sheet gets tilted, the open cross section reduces as a function of the tilting angle *α* $$\documentclass[12pt]{minimal}
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                \begin{document}$${Y}_{{\rm{g}}{\rm{e}}{\rm{o}}{\rm{m}}}(\alpha )={(\frac{h-\tan \alpha \cdot t}{2\cos \omega })}^{2}\sin 2\omega $$\end{document}$$where *t* is the thickness of the sheet and *h* is the diagonal of a pore, this can be either *b* or *c* depending on the pore orientation. *ω* is the corresponding angle at the diagonal, this is *λ* for diagonal *c* and *κ* for diagonal *b*. The calculated cross sections as a function of *α* are included in Fig. [2](#Fig2){ref-type="fig"}.

When comparing the calculated and the experimental yield data, it is obvious that the measured curves are systematically broader, even if the maximum of the pore size distribution is taken into account. This effect increases with lower energies. Geometric effects alone can obviously not explain this broadening suggesting another effect that enhances the transmission of the ions through the capillaries. We propose this to be crystal channeling. This is a well known effect of ion implantation processes in crystals occurring if the ions move under a small angle with respect to certain specific crystal directions. The ions get deflected along the plane leading to enhanced penetration depths. In this case the potential of the crystal atoms can be assumed to be continuous because at high ion velocities, the potential of the single atoms averages to a smooth potential^[@CR10]^. Channeling is expected to be possible for ions traveling close to the wall of capillaries, because the ion trajectories form a small angle with the smooth surface walls. After etching, the inner walls are expected to consist of mono crystalline oxygen-terminated planes because they have the slowest etching rate. This planes form a rhombus with angles of 60° and 120° in the mica unit cell^[@CR7]^, similar to the rhombus-shape of the pore cross-section observed in the SEM micrographs shown in Fig. [1a](#Fig1){ref-type="fig"}.

To simulate channeling, two different scattering possibilities, axial and planar, can be considered. In the axial case, we assume a straight row of atoms on which the ions are scattered. This leads to a mixture of scattering events at the different atomic constituents of mica, with an atomic number of 9.43 as stoichiometric average. Under planar scattering the ion gets deflected under a small angle on the oxygen planes dominating the wall of the pore. So the atomic number of the target atoms *Z* ~2~ is set to 8 for oxygen. If the ions are assumed to penetrate the first layer of atoms and get scattered at an arbitrary position in the crystal, again the stoichiometric average of 9.43 has to be considered. However, this would lead just to small deviations that have no influence on the interpretation of the data.

To describe the deflection angle $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Psi }}}_{p}$$\end{document}$ between target atoms and projectile ions we used the formula for the characteristic angle for planar channeling^[@CR10]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Psi }}}_{{\rm{p}}}=\sqrt{\frac{{Z}_{1}{Z}_{2}n{e}^{2}a}{2{\varepsilon }_{0}E}}$$\end{document}$$ *Z* ~1~ denotes the atomic number of the projectile ion which is 7 for nitrogen, *Z* ~2~ is in the planar case 8 for oxygen and $\documentclass[12pt]{minimal}
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                \begin{document}$$n=\mathrm{1/(7.28)}$$\end{document}$ Å^−2^ is the atomic areal density in the plane according to the data given in^[@CR11]^. Furthermore *α* is the Thomas-Fermi screening radius:$$\documentclass[12pt]{minimal}
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For axial channeling, the deflection angle $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Psi }}}_{{\rm{a}}}$$\end{document}$ is given by^[@CR10]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Psi }}}_{{\rm{a}}}=\sqrt{\frac{{Z}_{1}{Z}_{2}{e}^{2}}{2\pi d{\varepsilon }_{0}E}}$$\end{document}$$where *d* is the distance between the ions in a row of atoms. Due to the complicated crystal structure of muscovite, there are many different possibilities for scattering atoms in a row. Therefore the calculation was simplified by taking the muscovite density of 2.83 $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{{\rm{g}}}{{{\rm{cm}}}^{3}}$$\end{document}$ and averaging the atomic distance to *d* = 2.23 Å. The mixing of the characteristic angles for the elements of the mica crystal is assumed to happen in a way that the characteristic angle is calculated for every element and then averaged over all characteristic angles in the following way:$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\Psi }}}_{a,{\rm{a}}{\rm{v}}{\rm{e}}{\rm{r}}{\rm{a}}{\rm{g}}{\rm{e}}}=\sum _{i=1}^{n}\frac{{{\rm{\Psi }}}_{a,i}\cdot {k}_{i}}{n}$$\end{document}$$where *i* is the index for each element and *k* ~*i*~ is the stoichiometry of mica.

The distance between ion and target atom is the main parameter for the deflection behavior. This distance varies due to thermal motion of the target atoms. For stronger thermal amplitudes, larger distances between ions and target surface are needed for stable channeling. The thermal movement can be estimated as follows^[@CR10]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\rho =12.1\sqrt{\frac{\frac{{\rm{\Phi }}}{x}+\frac{1}{4}}{M\cdot {\rm{\Theta }}}}{\AA}$$\end{document}$$with Θ being the Debye temperature, $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Phi }}(x)=\frac{1}{x}{\int }_{0}^{x}{\rm{d}}\xi \frac{\xi }{{e}^{\xi }-1}$$\end{document}$ is the Debye-function. *M* denotes the atomic mass in atomic units and the target temperature *T* is in our measurements room temperature. According to^[@CR12]^, the Debye temperature for oxides and silicates is in between 800 and 1200 K. Under this condition, the thermal movement has an amplitude of $\documentclass[12pt]{minimal}
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                \begin{document}$$\rho =(0.045\mathrm{\mbox{--}}0.067)$$\end{document}$ Å. We are now able to calculate the probability distribution for either planar (*Y* ~*p*~) or axial (*Y* ~*a*~) channeling^[@CR10]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$$C=\sqrt{3}$$\end{document}$ is an empirical constant and $\documentclass[12pt]{minimal}
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                \begin{document}$$u=\sqrt{2}\rho $$\end{document}$ is the root mean square value of the thermal vibration amplitude *ρ*.

To compare the calculated and experimental values, we need to consider the geometric effect and the channeling distribution. Under perfect alignment of the capillary axis along the ion beam direction, the ions will not interact with the pore wall. When tilting, the geometric open cross-section gets smaller and some ions collide with the walls. For these collisions there is a certain probability for channeling and thus back scattering of ions from the pore wall, depending on the tilt angle. This leads to the ion transmission as a function of the tilt angle:$$\documentclass[12pt]{minimal}
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                \begin{document}$$Y(\alpha )=({Y}_{{\rm{g}}{\rm{e}}{\rm{o}}{\rm{m}}}(\alpha )+[1-{Y}_{{\rm{g}}{\rm{e}}{\rm{o}}{\rm{m}}}(\alpha )]{Y}_{{\rm{c}}{\rm{h}}{\rm{a}}{\rm{n}}}(\alpha ))\cos \,\alpha $$\end{document}$$The corresponding distributions together with experimental data are shown in Fig. [3](#Fig3){ref-type="fig"}.Figure 3**(a)** Transmission yield as a function of tilt angle *α* for 2 MeV N^2+^ (![](41598_2017_17005_Figb_HTML.gif){#d29e1700}) projectiles. The solid lines are the calculated minimum and maximum values for axial (![](41598_2017_17005_Figc_HTML.gif){#d29e1703}) and planar (*---*) channeling, respectively. **(b)** FWHM angle *β* as a function of projectile energy for the measured data and calculated (min, max) distributions for planar and axial channeling. The error region is between the two lines. The dashed line is a fit to the experimental data.

The FWHM angle *β* of the yield vs. tilt angle is deduced by solving $\documentclass[12pt]{minimal}
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                \begin{document}$$Y(\psi ,E)=0.5$$\end{document}$ (Fig. [3](#Fig3){ref-type="fig"}). The measured data is in between the calculated curves for axial and planar channeling. This strengthens our assumption that channeling is the cause of the broadened transmission angles that we observe in Fig. [2](#Fig2){ref-type="fig"}. The experimental data are slightly closer to the planar calculation. Given the complicated crystal structure of muscovite, it seems reasonable that, ion channeling along planes is more probable than parallel to a crystal row. The dashed gray line in Fig. [3b](#Fig3){ref-type="fig"} corresponds to a fit to the experimental data giving evidence that the shape of the curve is the same as for planar channeling.

Planar channeling seems to describe the trajectory of the ions rather well for MeV energies and low charged ions. Furthermore, the energy loss of the ions while traveling trough the pores was recorded in dependence of the tilt angle. For larger tilt angles *α*, the energy loss increases and the transmission becomes very small. Experimentally, this situation becomes difficult due to the small number of detected ions and the corresponding large statistical uncertainties. To estimate the energy loss, the ion trajectories were simulated as a straight path in the pores until the ions hit the wall. For the incidence angle *α*, the number of scattering events *S* can be calculated by: $\documentclass[12pt]{minimal}
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                \begin{document}$$S=t\cdot \,\tan \,\alpha /d$$\end{document}$ where *t* is the thickness of the muscovite sheet and *d* is an effective radius equal to the radius of a circle with the same area as the pore, which is about (60 ± 2) nm. To calculate the energy loss for each scattering event, the kinematic formula from Rutherford-back-scattering experiments was used^[@CR13]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{{\rm{l}}{\rm{o}}{\rm{s}}{\rm{s}}}={E}_{{\rm{i}}{\rm{n}}}(1-{[\frac{\sqrt{1-{(\frac{{M}_{1}\cdot \sin \alpha }{{M}_{2}})}^{2}}+\frac{{M}_{1}\cdot \cos \alpha }{{M}_{2}}}{1+\frac{{M}_{1}}{{M}_{2}}}]}^{2})$$\end{document}$$where *E* ~in~ is the incident ion energy and *M* ~1~ and *M* ~2~ denote the mass of projectile and target atoms, respectively. Calculation yields just a very small energy loss in the range of 1.5% of the incident ion energy. This energy loss is smaller than the respective experimental error and this further strengthens the assumption of crystal channeling. For angles so large that the pore is geometrically closed, the ions need to penetrate the material for a certain distance if no guiding is assumed. This would lead to a significant energy loss.

Discussion {#Sec3}
==========

Transmission experiments of MeV light ions through high-aspect ratio nanochannels in mica show unexpected transmission yields when tilting, which can not be explained by geometric means. We ascribe this effect to channeling of ions within the surface walls of the capillaries. We provide evidence that charging effects are not influencing the pathway of single and double charged ions in the MeV range. The potential along the capillary is constant and the electric field inside the pore is negligible. Additionally, we coated the surface of the mica sheet with a metal layer. Knowing from Wang *et al*.^[@CR9]^ and Zhang *et al*.^[@CR8]^ that charging of nanopores influences the transmission of low-energy ions and could also lead to a guiding effect, it is expected that electric effects get more pronounced for ions with greater charges or lower energies. For ions with several 100 keV charging up becomes less important. The experimental data are in good agreement with calculations for axial and planar channeling. Track-etched channels in muscovite sheets are shown to be radiation hard and ideal nanoapertures for ion beams in the MeV regime. This opens new fields of applications such as mapping of radiation hardness by means of ion beam induced current (IBIC) measurements with high lateral resolution or targeted irradiation of single bio cells. Moreover, nanochannel collimation is a suitable, low cost alternative to microprobe systems for low current applications or single ion implantation.

Methods {#Sec4}
=======

Muscovite sheets (provided by Jahre GmbH) of 5--10 μm thickness were irradiated at the linear accelerator UNILAC of the GSI Helmholzzentrum in Darmstadt^[@CR3]^. The irradiations where performed with Samarium ions under normal beam incidence and a kinetic energy of 1.6 GeV corresponding to a range of 90 μm in mica^[@CR14]^. Since each individual ion creates a track, the number of tracks is controlled by the applied ion fluence. For this experiment we used a fluence of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{(3}\pm \mathrm{0.15)}\times {10}^{6}$$\end{document}$ ions per cm^2^. Room temperature etching of irradiated mica samples in 10% hydrofluoric acid for one hour leads to highly parallel channels with rhombic cross-section. Figure [1](#Fig1){ref-type="fig"} shows SEM images of the track-etched mica at low and high magnification together with the scheme of a single pore cross-section as well as the shape distribution of 20 measured channel cross-sections. The average shape size is $\documentclass[12pt]{minimal}
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                \begin{document}$$2\lambda =63\pm {4}^{\circ }$$\end{document}$. From SEM micrographs the number of pores per area and the mean cross-section area of the pores are determined. The distribution of the cross-section area is shown in Fig. [1c](#Fig1){ref-type="fig"}, its mean value is $\documentclass[12pt]{minimal}
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                \begin{document}$$A=\mathrm{(10.9}\pm \mathrm{1.2)}\times {10}^{3}$$\end{document}$ nm^2^. The resulting porosity was determined to be $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{(3.4}\pm \mathrm{0.2)}\times {10}^{-4}$$\end{document}$. The rhombi are all oriented along the same direction. The rhombius-shape is due to the oxygen planes of the crystal which have the slowest etching rate and build up the wall of the pores. The walls are thus parallel to the {110}-planes of the muscovite crystal^[@CR7]^. To avoid charging effects the surface of the sheet was sputter coated with a 8 nm thick gold layer.

All ion beam transmission measurements were performed at the particle accelerator laboratory LIPSION at Universität Leipzig^[@CR15]^. The mica sheet was mounted on a goniometer that enables an eucentric rotation in five directions^[@CR16]^ with a resolution of less than 1 μm for *x*, *y*, *z* and 0.015° in *ϑ* and 0.005° in *φ*. These angles get projected on the sample in the following way: $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha =\vartheta \,\sin \,\phi $$\end{document}$, where *α* is the angle between the ion beam and the pore direction, *ϑ* is a rotation perpendicular to the ion beam and *φ* is a rotation around the ion beam. The thickness of the mica sheet was determined by means of scanning transmission microscopy (STIM) using H^+^ ions at a kinetic energy of 2.25 MeV. The beam was focused to below 1 μm and completely penetrated the sheet. The corresponding energy loss of the transmitted ions was compared to a SRIM-2013^[@CR14]^ calculation yielding a sheet thickness of $\documentclass[12pt]{minimal}
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                \begin{document}$$t=\mathrm{(7.0}\pm \mathrm{0.5)}$$\end{document}$ μm. SRIM calculations do not take into account channeling effects, but this should not influence the result because hydrogen at such a high energy has a very small critical angle for crystal channeling of about 0.52° and due to a possible small misalignment and ion deflection from the gold layer on top of the sheet channeling is very unlikely. The STIM measurement across the entire sample also allowed us to confirm the mica sheet was intact and had no cracks from the preparation or mounting process.

To investigate the interaction between ions and capillaries at different kinetic energies, the experiments were performed with 800 keV N^+^, 2 MeV and 4 MeV N^2+^ ions. The beam flux was between 1.7 × 10^6^ and 0.1 × 10^6^ ions/cm^2^ s. In order to ensure a parallel beam, these measurements were performed without any focusing lens. The divergence angle of the ion beam is given by the distance and size of the beam defining apertures yielding 0.2 mrad. According to SRIM, the penetration depth of 4 MeV nitrogen ions in mica is 3 μm. For all beams the mica thickness was thus sufficiently large to completely stop the ions. A two axis goniometer was used to vary the angle of the sample surface with respect to the incoming ion beam. The transmitting ions and their energy were recorded by a surface barrier detector that was mounted behind the sheet. In a first step, the length axis of the pores was aligned parallel to the incident ion beam. Perfect alignment of the pores was assumed at the angle where maximum transmission is monitored. For the subsequent measurements, the angle *φ* was kept constant while the angle *ϑ* was varied. For every *ϑ* angle position, the irradiation time was the same and the number of ions passing the sheet was integrated. Figure [4](#Fig4){ref-type="fig"} shows the recorded number of ions of 2 MeV N^2+^ after transmission through the capillaries as a function of their energy for various *ϑ* angles.Figure 4(**a**) Recorded number of N^2+^ ions with an initial energy of 2 MeV, as recorded with a surface barrier detector after transmission through the capillaries in the muscovite sheet under various angles between sheet and ion beam. The direct curve was measured without a sheet. The maximum of the direct peak and of the peak measured for 0° are normalized to one. The other two peaks are normalized to the 0° peak. The angle uncertainty is $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}\phi =\pm {0.005}^{\circ }$$\end{document}$. (**b**) Mean energy of the transmitted ions with corresponding measurement error.

The radiation stability of the mica sheet was checked by inspecting the surface before and after the ion bombardment by SEM. The structure of the sheet was controlled with scanning transmission ion microscopy measurements using 2.25 MeV H^+^ ions. Several hours of ion irradiation with H^+^, N^+^ and N^2+^ ions of different energies showed no degradation and change on the muscovite. The datasets generated and analyzed during the current study are available from the corresponding author on reasonable request.
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